Introduction {#s01}
============

Excitatory inputs in the brain mainly target dendritic spines, which are small actin-rich protrusions formed along neuronal dendrites. It is now widely accepted that synaptic plasticity and memory formation modify the morphology of dendritic spines, including the appearance of new protrusions, as well as rearrangement of already existing synaptic connections (reviewed in [@bib24] and [@bib54]).

The cytoskeleton in spines is formed predominantly by F-actin and serves both as a structural framework to maintain shape and as the principal regulator of protein and vesicular trafficking ([@bib14]; [@bib5]). Previous studies have shown that F-actin is highly dynamic in spines ([@bib48]; [@bib34]) and is regulated by a plethora of signaling pathways ([@bib38]; [@bib37]). Depending on the modulation of input activity or homeostatic regulation, spines can undergo structural changes, e.g., enlargement during long-term potentiation (LTP) or shrinkage during long-term depression, with strict temporal and spatial regulations of actin turnover ([@bib5]).

The PKD family of serine/threonine kinases comprises three isoforms in mammals (PKD1--3). PKDs are activated by members of the novel PKC family and are recruited to the plasma membrane or intracellular membranes via binding DAG to achieve full activation ([@bib49]). Activated PKDs can exert various cellular functions, including the regulation of cell motility and invasion ([@bib28]; [@bib35]). In nonneuronal tumor cells, PKD activity suppresses cell motility by controlling actin dynamics via Slingshot (SSH1), p21-activated kinase 4 (PAK4), or cortactin (reviewed in [@bib35] and references therein).

In the rodent brain, all three PKD isoforms are expressed early in embryonal development ([@bib36]). So far, neuronal PKD activity has been shown to affect dendrite development and maintenance, intracellular transport, and Golgi functions, as well as modulation of transmembrane receptors ([@bib8]; [@bib26]; [@bib3]; [@bib10]; [@bib51]; [@bib39]). In this work, we investigated PKD-mediated effects on dendritic spines and the consequences of altered PKD activity upon evoking different forms of neuronal plasticity and memory formation. We show that endogenous PKDs regulate activity-dependent changes in dendritic spines by regulating F-actin consolidation and provide compelling evidence that PKD activity is required for proper learning and memory formation.

Results {#s02}
=======

Endogenous PKD is active in dendritic spines {#s03}
--------------------------------------------

Previously, we have described a PKD activity reporter, which is suitable to visualize endogenous PKD-mediated phosphorylation events in fixed cells ([Fig. 1 A](#fig1){ref-type="fig"}; [@bib10]; [@bib16]) and is present in the dendritic branches and spines of DIV12-13 hippocampal neurons (see the EGFP signal in [Fig. 1 B](#fig1){ref-type="fig"} and [Fig. S1 A](http://www.jcb.org/cgi/content/full/jcb.201501114/DC1){#supp1}). To compare the extent of reporter phosphorylation in spines, ratiometric images were created by normalizing the a-pS294 to EGFP signal intensities ([Fig. 1 B](#fig1){ref-type="fig"} and Fig. S1 A, ratio images). Only mushroom spines with clearly enlarged heads were chosen for the analysis. To confirm the specificity of the pS294 antibody signal, a mutant reporter construct containing alanine instead of the target serine was also investigated (S/A mutant). In all cases, S/A mutant reporter displayed only a negligible ratio signal ([Fig. 1, B--D](#fig1){ref-type="fig"}).

![**Endogenous PKD is activated within dendritic spines during plasticity-inducing changes in vitro.** (A) Schematic representation of the PKD activity reporter, containing the PKD-specific substrate sequence of phosphatidylinositol 4-kinase IIIβ (PI4KIIIβ) and the EGFP sequence. The a-pS294 antibody recognizes the phosphorylated Ser294 target site. (B) Inverted fluorescent and a-pS294/EGFP ratio images of tertiary dendritic branches from control or cLTP- or KCl-treated neurons after 30 min. Arrowheads indicate mushroom spines. Bars, 1 µm. (C and D) Relative a-pS294/EGFP ratio values in mushroom spines treated with KCl (C) or cLTP (D) for the indicated time. 3 µM kbNB 142-70 (kbNB) or 1 µM PDBu was applied 1 h before other treatments or for 15 min, respectively. 10 µM MK-801, 50 µM APV, 1 µM nifedipine, and 1 µM ω-conotoxin MVIIC were applied for the indicated time periods. S/A indicates a reporter construct with a nonphosphorylatable alanine mutation. Data were obtained from three to four independent cultures and displayed as mean ± SEM. The number of analyzed spines is indicated within the graphs. Asterisks represent significance compared with control values, and \$ symbols indicate significant differences between data pairs. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\* or \$\$\$, P \< 0.001.](JCB_201501114_Fig1){#fig1}

In untreated cells, phosphorylation of the PKD reporter was moderate and strongly increased by phorbol ester treatment (PDBu; [Fig. 1, B and C](#fig1){ref-type="fig"}). To inhibit endogenous PKD activity in neurons, which express all PKD isoforms, we applied the selective PKD inhibitor kbNB 142-70, which inhibits all three PKD isoforms at nanomolar concentrations and blocks PKD-mediated actions in vitro, whereas it is ineffective against other kinases in concentrations below 10 µM ([@bib27]; [@bib7]; [@bib33]). Application of 3 µM kbNB 142-70 significantly reduced the phosphorylation of the reporter compared with control cells ([Fig. 1, B and C](#fig1){ref-type="fig"}), indicating endogenous PKD activity within mushroom spines under basal conditions. Remarkably, kbNB 142-70 effectively inhibited PKD activity reporter phosphorylation in HEK293T cells and did not show toxic effects on embryonic cortical neuronal cultures in the applied concentration ([Fig. S2, A--D](http://www.jcb.org/cgi/content/full/jcb.201501114/DC1){#supp2}).

Chemical treatments evoking different forms of plasticity activate PKD within dendritic spines {#s04}
----------------------------------------------------------------------------------------------

To investigate whether PKD-dependent mechanisms play a role in spine rearrangements, different chemical treatments were applied to hippocampal cultures. Glycine-induced chemical LTP (cLTP) is known to transiently activate NMDA receptors, leading to the strengthening of excitatory connections and spine enlargement within 1 h after stimulus ([@bib29]; [@bib19]). In our hands, spine expansion occurred after 30 min and lasted for at least 2 h after cLTP induction (not depicted). Phosphorylation of the reporter in dendritic spines was strongly elevated at 5 min and sustained for at least 30 min after glycine treatment ([Fig. 1, B and D](#fig1){ref-type="fig"}).

Long-term depolarization leads to homeostatic regulation of structural and functional plasticity within neurons ([@bib20]). Neurons were treated with 20 mM KCl, whereas 20 mM NaCl was added to the control cultures to compensate for osmotic changes. Excess KCl rapidly depolarized the neurons (from −54.6 ± 0.9 mV resting potential \[*n* = 27; mean ± SEM\] to −28.8 ± 0.9 mV \[*n* = 3\]), silenced spontaneous neuronal activity, and prevented the formation of action potentials (Fig. S1 D), unless recorded neurons were hyperpolarized by injecting −200 pA negative current (Fig. S1 E). Despite this depolarization block, 16 h of KCl treatment did not affect the number of surviving neurons (Fig. S1 C). When KCl was washed out from the cultures, resting membrane potential rapidly returned to normal values (−49.7 ± 1 mV; *n* = 26) and neurons regained their normal activity, including the generation of single and burst-like spikes or receiving excitatory and inhibitory postsynaptic potentials (EPSPs and IPSPs, respectively; Fig. S1, F and G). Of note, 2 and 16 h of KCl treatment slightly increased cell viability in the cultures (Fig. S1 H).

KCl treatment activated PKD in the dendritic spines within 30 min, lasting for at least 2 h ([Fig. 1, B and C](#fig1){ref-type="fig"}) and with a uniform distribution along the axis of mushroom spines (Fig. S1, A and B). This effect was also evident at the culture level, as depolarization induced a long-lasting autophosphorylation of PKD on Ser910 ([Fig. 2 C](#fig2){ref-type="fig"}).

![**Actin dynamics during chemically induced plasticity is regulated in a PKD-dependent manner.** (A and B) Relative changes in the Ser3 phosphorylation of cofilin during glycine-induced cLTP (A) or KCl-induced depolarization (B). (C) Temporal pattern of Ser910 phosphorylation of PKD during KCl-induced depolarization. Representative Western blots are displayed at the top. Graphs were calculated from 3--14 independent samples by normalizing phospho-specific/total protein/GAPDH ratios at the given time points to the nontreated values. (D) Inverted fluorescent and colored merged images of p-cofilin staining within PSD95-positive dendritic spines during cLTP treatment. The top rows show enlarged ROIs from the corresponding boxed areas in the lower-magnification images below. (E and F) Relative p-cofilin intensity values were normalized to the PSD area in cLTP (E)- or KCl (F)-treated cultures at the indicated time points. (G and H) Incorporation of actin-rhodamine during the stabilization of dendritic spines in cLTP (G)- or KCl (H)-treated cultures. (I) Inverted fluorescent and colored merged images of actin-rhodamine incorporation within PSD95-positive dendritic spines during KCl treatment. The top rows show enlarged ROIs from the corresponding boxed areas in the lower-magnification images below. (D and I) Bars, 1 µm. All data are displayed as mean ± SEM, and numbers of analyzed samples are indicated within the graphs. Dashed lines within graphs indicate control values. Asterisks represent significance compared with control values, and the \$ symbol indicates significant differences between data pairs. \* or \$, P \< 0.05; \*\*, P \< 0.01; \*\*\* or \$\$\$, P \< 0.001.](JCB_201501114_Fig2){#fig2}

The PKD-specific inhibitor kbNB 142-70 blocked chemically induced reporter phosphorylation in both plasticity models ([Fig. 1, B--D](#fig1){ref-type="fig"}). Both MK-801 and APV, a noncompetitive and a competitive antagonist of NMDA receptors, respectively, reduced chemically induced reporter phosphorylation significantly ([Fig. 1, B--D](#fig1){ref-type="fig"}). It was reported that depolarization-induced homeostatic plasticity is regulated by the activation of L-type voltage-gated Ca^2+^ channels ([@bib20]; [@bib13]). In accordance, blocking L-type Ca^2+^ channels by 1 µM nifedipine completely prevented KCl-induced PKD reporter phosphorylation, whereas ω-conotoxin MVIIC (blocking N-, P-, and Q-type Ca^2+^ channels) proved to be ineffective ([Fig. 1 C](#fig1){ref-type="fig"}). Thus, our data indicate that elevated intracellular Ca^2+^ signal plays a role in the activation of PKD-dependent signaling pathways within dendritic spines.

Actin turnover within dendritic spines occurs in a biphasic manner during chemically induced plasticity {#s05}
-------------------------------------------------------------------------------------------------------

During structural and functional plasticity, the actin cytoskeleton rapidly reorganizes to allow the elaboration of the F-actin network, leading to the expansion of the spine head during LTP ([@bib6]). These events depend greatly on ADF/cofilin's actin-severing activity, increasing barbed ends of actin filaments, and providing the basis for the formation of a more complex network ([@bib32]).

Cofilin activity is inhibited by its phosphorylation on Ser3, which is governed by LIMK1/2 and TESK, whereas dephosphorylation by the slingshot (SSH) phosphatase family activates cofilin ([@bib32]). For cLTP treatment, overall p-cofilin level within the cultures increased significantly only after 120 min of glycine treatment. ([Fig. 2 A](#fig2){ref-type="fig"}). Interestingly, in parallel with an increase in pS910 autophosphorylation of PKD ([Fig. 2 C](#fig2){ref-type="fig"}), p-cofilin level was transiently reduced within the neuronal cultures during the initial 16 h of KCl application ([Fig. 2 B](#fig2){ref-type="fig"}).

To analyze cofilin phosphorylation and actin polymerization specifically within dendritic spines, we identified spine heads by PSD95 immunostaining and quantified the intensity of phosphorylated cofilin signal ([Fig. 2, D--F](#fig2){ref-type="fig"}), as well as actin-rhodamine incorporation within PSD95-positive dendritic spines ([Fig. 2, G--I](#fig2){ref-type="fig"}). Both cLTP and depolarization changed Ser3 phosphorylation of cofilin in a biphasic manner ([Fig. 2, D--F](#fig2){ref-type="fig"}). Relative p-cofilin intensity was reduced within PSD95-positive dendritic spine heads at 30 min and 2 h of cLTP or KCl treatment, respectively ([Fig. 2, E and F](#fig2){ref-type="fig"}). As compared with the Western blot data, these results more specifically indicate that cofilin is active within dendritic spines at these time points. At later stages, however, p-cofilin signal significantly increased within investigated spines ([Fig. 2, E and F](#fig2){ref-type="fig"}; 120 min and 16 h of cLTP and KCl treatment, respectively). At the same time, the actin barbed end assay indicated a significant decrease in actin incorporation within dendritic spines in KCl-induced depolarization compared with control cells ([Fig. 2, H and I](#fig2){ref-type="fig"}).

16 h of KCl-induced depolarization significantly increased the ratio of mushroom spines ([Fig. 3, A and C](#fig3){ref-type="fig"}) without affecting spine density (not depicted). KCl-induced changes in spine morphology were also evident when individual spines were plotted according to their length and HN index (head/neck width ratio; [Fig. 3 B](#fig3){ref-type="fig"}). As this happened at the expense of thin, filamentous spines, we assume that long-term depolarization leads to F-actin stabilization and, consequently, the expansion of dendritic spine heads. Collectively, our data indicate decreased actin dynamics when enlarged dendritic spine heads are already stabilized.

![**PKD activity regulates spine morphology in cultured neurons.** (A) Representative inverted fluorescent images of tertiary dendritic branches of EGFP-transfected neurons treated with 20 mM KCl and/or 3 µM kbNB 142-70 or transfected with kdPKD-EGFP. Bars, 2 µm. (B and C) Morphological characteristics of dendritic spines in EGFP-transfected neurons, plotted along their head/neck width ratio (HN index) and length (B) and mean proportion of filamentous, mushroom, or stubby spines upon 16 h of 20 mM KCl and/or 3 µM kbNB 142-70 treatments (C). (D) Mean protrusion density on the tertiary branches of EGFP or kdPKD-EGFP--expressing neurons. (E) Mean proportion of filamentous, mushroom, or stubby spines in neurons transfected with EGFP or kdPKD-EGFP. (F and G) Morphological characteristics of dendritic spines in EGFP (F)- or kdPKD-EGFP (G)--transfected neurons, plotted along their head/neck width ratio (HN index) and length. Data were obtained from three to four independent cultures; the number of spines is indicated in the legends. All data are displayed as mean ± SEM. Asterisks represent significance compared with control values (white columns), and the \$ symbol indicates significant differences between data pairs. \*, P \< 0.05; \*\* or \$\$, P \< 0.01; \*\*\* or \$\$\$, P \< 0.001.](JCB_201501114_Fig3){#fig3}

Depolarization modulates PKD pathways regulating actin turnover in vitro {#s06}
------------------------------------------------------------------------

PKD can increase cofilin phosphorylation by inhibition of SSH1 (Ser978) and activation of the PAK4 (Ser474)-LIMK1 pathway (see [@bib35] as a review). Thus, increased PKD activity shifts the balance toward inactive cofilin, leading to decreased actin binding and the inhibition of its actin-severing activity, thereby slowing down depolymerization and stabilizing the F-actin pool. Accordingly, specific inhibition of endogenous PKD activity by kbNB 142-70 decreased p-cofilin immunostaining ([Fig. 2, E and F](#fig2){ref-type="fig"}) and enhanced actin turnover within dendritic spines as revealed by the barbed end assay ([Fig. 2, G and H](#fig2){ref-type="fig"}). Importantly, kbNB 142-70 effectively blocked plasticity-induced F-actin stabilization in both chemical plasticity models, indicating that elevated PKD activity was required to sustain spine enlargement.

To assess the relation between PKD activity and the phosphorylation level of its substrates, we analyzed pPAK4 and pSSH1 signals upon KCl treatment. As the available antibodies were not suitable for the immunostaining of dendritic spines, we performed Western blot analyses without and with PKD inhibition (Fig. S2, E and H). Application of kbNB 142-70 reduced relative PAK4 and SSH1 phosphorylation compared with signal intensities obtained from time-matched DMSO-only treated samples, supporting that they are indeed downstream targets of PKD in neuronal cultures (Fig. S2, E--H).

Depolarization-dependent morphological changes in dendritic spines require PKD activity {#s07}
---------------------------------------------------------------------------------------

Long-term application of kbNB 142-70 in control cultures slightly but not significantly decreased the ratio of mushroom spines in EGFP-transfected neurons ([Fig. 3, A--C](#fig3){ref-type="fig"}), without dramatically affecting morphological parameters of individual spines ([Fig. 3 B](#fig3){ref-type="fig"}). When kbNB 142-70 was applied to 16-h KCl-induced cultures, pharmacological inhibition of PKD prevented the enlargement of spine heads and the morphological transformation from filamentous to mushroom spines ([Fig. 3, A and C](#fig3){ref-type="fig"}).

Mutation in the ATP-binding cassette of PKD1 (PKD1^K612W^) inactivates the kinase and exerts a dominant-negative effect on all three isoforms ([@bib10]; [@bib43]; [@bib12]). In accordance with pharmacological inhibition, expression of the EGFP-tagged dominant-negative PKD mutant (kdPKD-EGFP) reduced protrusion density in the tertiary branches of transfected neurons ([Fig. 3, A and D](#fig3){ref-type="fig"}) and increased the frequency of elongated, filamentous protrusions, along with a reduction of mushroom-shaped structures ([Fig. 3 E](#fig3){ref-type="fig"}). Dominant-negative kdPKD altered the remaining mushroom-shaped protrusions by decreasing their length and HN index, while significantly increasing the length of the thin spines ([Fig. 3, F and G](#fig3){ref-type="fig"}; Mann--Whitney *U* test, P \< 0.01 for both types of spines). Thus, PKD activity plays a detectable role in F-actin stabilization during the later phase of depolarization, needed for sustaining enlarged spine heads in vitro.

Dominant-negative mutant PKD localizes to postsynaptic sites of hippocampal CA1 and CA3 neurons {#s08}
-----------------------------------------------------------------------------------------------

To assess neuron-specific functions of PKD in vivo, we used a transgenic TetOn mouse line, allowing inducible expression of the dominant-negative kdPKD-EGFP protein ([@bib10]). For better readability, doxycycline (DOX)-treated CaMKIIα-rtTA2 × kdPKD-EGFP double transgenic mice are named kdPKD-EGFP--expressing mice, whereas single transgenic littermates treated with DOX are referred to as the control group ([Fig. 4](#fig4){ref-type="fig"}, and [Fig. 5](#fig5){ref-type="fig"}, and [Fig. S3](http://www.jcb.org/cgi/content/full/jcb.201501114/DC1){#supp3}).

![**Expression of the dominant-negative kdPKD-EGFP mutant in double transgenic hippocampal neurons alters dendritic spine morphology in vivo.** (A--I) a-EGFP staining in hippocampal CA1 (A--E) and CA3 (F--I) pyramidal neurons from kdPKD-EGFP--expressing (A, C--F, and H) or control mice (B, G, and I). (A, B, F, and G) Light microscopic DAB immunohistochemistry. (C, H, and I) Black arrows point to a-EGFP DAB precipitates in the dendritic spines of CA1 and CA3 dendrites, respectively. Nonlabeled spines are also present in the sections of kdPKD-EGFP mutant mice (white arrows in C and I). (D and E) Electron micrographs showing pre-embedded immunogold anti-GFP labeling (arrowheads) in the CA1 region. Bars: (A, B, F, and G) 30 µm; (C--E, H, and I) 200 nm. (J--M) Quantitative evaluation of the dendritic spines in the CA1 (J and L; 144 control and 114 kdPKD-EGFP spines) and CA3 (K and M; 142 control and 153 kdPKD-EGFP spines) regions of control and kdPKD-EGFP--expressing hippocampus. Pearson correlation values between spine profile area and PSD length are indicated in J and K. Graphs represent mean ± SEM. \*, P \< 0.05; \*\*\*, P \< 0.001.](JCB_201501114_Fig4){#fig4}

![**Inhibition of endogenous PKD activity in hippocampal pyramidal neurons selectively impairs spatial memory formation and reduces LTP in CA1 hippocampal neurons.** Control (*n* = 16) and kdPKD-EGFP--expressing (*n* = 16) data are displayed by open and closed symbols and columns, respectively (B, C, and E--L). (A and B) Duration of time spent (A) and total running distance (B) within the open field. (C) Animals performed novel object recognition tests similarly before and during 12 wk of DOX. (D) Representative trajectories from control and kdPKD-EGFP--expressing mice during the second probe trial of the Morris water maze. Black triangles indicate start positions; the inner circles represent the target area over the original platform. (E) Distance swam within the target area during the first (day 5) and second (day 10) probe trials. (F) Mean distance needed to find all baits in the radial maze during the teaching process. (G) Mean POPS amplitudes evoked by single stimuli via SCs (SC stim) or MFs (MF stim). (H) Stimulation paradigm during LTP induction. (I and J) Relative POPS amplitudes after a 100-Hz HFS of the SCs (SC stim; I) or MFs (MF stim; J). (K and L) E/S curves describing POPS amplitudes in relation to the slope of the extracellular postsynaptic excitatory responses (dEPSP) determined in CA1 neurons before (K) or after (L) tetanization of the SCs. All data are shown as mean ± SEM. \*, P \< 0.05; \*\*, P \< 0.01.](JCB_201501114_Fig5){#fig5}

In the case of 4--15 wk of DOX treatment, anti-GFP signal was detected only in kdPKD-EGFP--expressing mice, within the CA1 and CA3 regions of the hippocampus ([Fig. 4, A and B](#fig4){ref-type="fig"}; and [Fig. 4, F and G](#fig4){ref-type="fig"}, respectively), whereas other parts of the neocortex were negative or only scarcely labeled (not depicted). To visualize the subcellular localization of kdPKD-EGFP in these labeled neurons, electron micrographs were recorded from the CA1 stratum radiatum ([Fig. 4, C--E](#fig4){ref-type="fig"}) and from the CA3 stratum lucidum ([Fig. 4, H and I](#fig4){ref-type="fig"}). Because of the mosaic activation of rtTA2 in CaMKIIα rtTA2 mice ([@bib31]), the expression pattern was not homogenous within the hippocampus, leaving some of the pyramidal neurons devoid of the mutant protein (see [Fig. 4 C](#fig4){ref-type="fig"} showing neighboring dendritic spines with and without the expression of kdPKD-EGFP).

Anti-GFP Ni-DAB immunoprecipitate was evident in the dendrites of pyramidal neurons ([Fig. 4, A and F](#fig4){ref-type="fig"}), as well as within dendritic spines ([Fig. 4, C and H](#fig4){ref-type="fig"}, black arrows). To more precisely localize the mutant protein within spines, pre-embedding anti-GFP immunogold immunohistochemistry was also performed ([Fig. 4, D and E](#fig4){ref-type="fig"}). Gold particles were found in the close vicinity of the plasma- and endomembranes (note a labeled putative spine apparatus in [Fig. 4 D](#fig4){ref-type="fig"}) and in the neighborhood of the postsynaptic density (PSD) area. These findings suggest that dominant-negative PKD mutant protein localizes at the postsynaptic regions of neurons and in the periphery of dendritic spines.

Inhibition of endogenous PKD activity leads to altered morphology and shrinkage of hippocampal dendritic spines in vivo {#s09}
-----------------------------------------------------------------------------------------------------------------------

Next, we investigated how the inhibition of endogenous PKD activity affects in vivo morphology of dendritic spines in control and kdPKD-EGFP--expressing animals treated with DOX for 10--12 wk ([Fig. 4, J--M](#fig4){ref-type="fig"}). In control CA1 slices, long-term DOX treatment did not affect dendritic spine morphology and architecture as the strong correlation between spine area and PSD length (Pearson correlation coefficient r = 0.72) was highly similar to the linear correlation obtained from wild-type CA1 spines ([@bib22]). However, kdPKD-EGFP--expressing CA1 spines were significantly smaller ([Fig. 4 L](#fig4){ref-type="fig"}) and had shorter PSD in comparison with their total area (Pearson correlation coefficient significantly reduced to r = 0.38; P \< 0.001; [Fig. 4 J](#fig4){ref-type="fig"}).

Mossy fibers (MFs) originating from the granule cells of the dentate gyrus formed giant, multiple synapses on the dendritic spines of CA3 pyramidal neurons in the stratum lucidum ([Fig. 4, H and I](#fig4){ref-type="fig"}). Although the correlation between the area and PSD length values was not significantly changed (Pearson coefficient was 0.48 and 0.43 for control and kdPKD-EGFP spines, respectively), spine area and PSD length were significantly reduced by kdPKD-EGFP expression ([Fig. 4, K and M](#fig4){ref-type="fig"}). Additionally, kdPKD-EGFP--expressing spines possessed a more elongated morphology, leading to a significantly reduced circularity index. Collectively, our data emphasize that the inhibition of endogenous PKD activity modifies spine morphology both in vivo and in vitro.

Expression of kdPKD-EGFP in the hippocampus leads to the selective impairment of hippocampus-dependent learning abilities {#s10}
-------------------------------------------------------------------------------------------------------------------------

Smaller dendritic spines normally confer reduced synaptic transmission, which may influence network activity. Therefore, we compared the activity of control and kdPKD-EGFP--expressing animals in different behavioral tests. After 5 wk of DOX treatment, neither spatial preference and overall motor performance nor explorative behavior differed in the open field experiments ([Fig. 5, A and B](#fig5){ref-type="fig"}; and Fig. S3, A--E).

Novelty-recognizing learning abilities were tested by the novel object recognition test before the onset (0 wk) and during the 12th week of DOX treatment ([Fig. 5 C](#fig5){ref-type="fig"}). The discrimination index (DI) was calculated by comparing the time spent with the new object relative to the familiar object after a 5-h retention interval. Control and kdPKD-EGFP--expressing animals spent more time exploring the novel object, regardless of the duration of the DOX treatment. As the DI was not changed by long-term DOX treatment in either group of animals, we can rule out deteriorative changes in the animals induced by DOX itself.

Hippocampus-related spatial learning abilities were compared by the Morris water maze and the radial maze tests after 9 or 15 wk of DOX treatment, respectively. In the water maze test, control and kdPKD-EGFP--expressing animals swam with the same mean speed during probe trials (Fig. S3 F). Between the first (day 5) and second probe trials (day 10), control mice increased their searching activity for the removed platform as indicated by the elevated swim path and time spent over the target area ([Fig. 5 E](#fig5){ref-type="fig"} and Fig. S3 G). In contrast, kdPKD-EGFP--expressing mice performed significantly worse than controls on both days and were unable to improve their spatial memory even after 10 d of training. [Fig. 5 D](#fig5){ref-type="fig"} shows representative trajectories during the second probe trial.

In the eight-arm radial maze, the distance and time needed to find the baits positioned in every second arm were measured ([Fig. 5 F](#fig5){ref-type="fig"} and Fig. S3, H--L). The time spent in the center as well as in the baited and empty arms (Fig. S3, I and J), together with the number of entries into the baited or empty arms (Fig. S3, K and L), were also determined. Mean speed of control and kdPKD-EGFP mice was similar throughout the trials (12.4 ± 0.55 and 11.5 ± 0.77 cm/s, respectively). Animals performed similarly during the first week of the radial maze test. However, kdPKD-EGFP expression in the hippocampus prevented spatial learning during the second week of training. From the ninth day on, control animals ran significantly less and needed less time to find all four baits (Dunnett's post-hoc analysis, P \< 0.01), whereas kdPKD-EGFP mice did not improve performance during the training sessions (Dunnett's post-hoc analysis, P \> 0.82). Furthermore, kdPKD-EGFP--expressing mice spent significantly more time in the nonbaited arms and in the center compared with the control group (Fig. S3, I and J). In parallel, the number of entries into the empty (nonbaited) arms was also significantly higher (Fig. S3, K and L). These findings imply that hippocampus-related spatial memory is impaired upon long-term expression of kdPKD-EGFP in the hippocampus.

Hippocampal LTP formation is reduced by kdPKD-EGFP expression {#s11}
-------------------------------------------------------------

To provide a mechanistic explanation for the observed deficits in hippocampus-related learning tasks, electrophysiological recordings were performed on acute hippocampal slices of control and kdPKD-EGFP--expressing mice after 10 to 14 wk of DOX treatment. Field potential was recorded from the stratum pyramidale of the CA1 area by either stimulating Schaffer collaterals (SCs) or MFs ([Fig. 5, G--L](#fig5){ref-type="fig"}). The mean amplitude of population spikes (POPSs) was significantly higher in the case of SC stimulation compared with MF stimulation in both groups of animals ([Fig. 5 G](#fig5){ref-type="fig"}), which is explained by the direct, monosynaptic stimulation of CA1 neurons via SC inputs. When single SC or MF stimuli were applied, no differences were found in the general excitability of control or kdPKD-EGFP--expressing slices ([Fig. 5 G](#fig5){ref-type="fig"}). Accordingly, E/S curves displaying the ratio between the slope of the EPSP (dEPSP) and the POPS amplitude ([@bib52]) were similar before tetanization ([Fig. 5 K](#fig5){ref-type="fig"}).

When high-frequency stimulation (HFS) was applied to the SCs, relative POPS amplitudes were enhanced in all cases, indicating the formation of LTP. However, 100-Hz tetanization in kdPKD-EGFP--expressing slices led to significantly reduced LTP compared with control slices ([Fig. 5 I](#fig5){ref-type="fig"}). For control slices, HFS induced robust facilitation as POPS amplitudes were larger for smaller dEPSP values. In contrast, facilitation was not detected when kdPKD-EGFP was expressed ([Fig. 5 L](#fig5){ref-type="fig"}). LTP in CA1 neurons was efficiently induced via a disynaptic transmission by the HFS of MFs, too, whereas kdPKD-EGFP--expressing neurons displayed a significantly impaired LTP compared with control slices ([Fig. 5 J](#fig5){ref-type="fig"}). These results are in line with the observed learning disabilities of kdPKD-EGFP--expressing mice and indicate that the lack of normal PKD functions within the CA1 and CA3 dendritic spines impairs synaptic plasticity.

Discussion {#s12}
==========

Although PKD has a well-established role in the regulation of the actin cytoskeleton and, consequently, cell migration or tumor metastasis in nonneuronal cells (see [@bib28] and [@bib35] as recent reviews), to our knowledge, our work is the first to address PKD-mediated effects on F-actin organization within dendritic spines. Our in vitro models show that activity-induced plasticity of dendritic spines depends on proper PKD functions. PKD activity increases during chemically induced cellular plasticity in cultured neurons and is required for stabilizing the F-actin network within enlarged dendritic spines. Consequently, inhibition of PKD activity, either by a specific PKD inhibitor or by expression of a dominant-negative PKD mutant, blocks activity-dependent changes in hippocampal dendritic spines, including morphological alterations as well as LTP formation, with an impact on spatial memory formation. Thus, PKD activity regulates synaptic plasticity in spines by regulating actin turnover and stability.

Chemically induced dendritic spine rearrangements proceed through a biphasic change in actin dynamics and require PKD activity {#s13}
------------------------------------------------------------------------------------------------------------------------------

To test the importance of endogenous PKD activity within dendritic spines, we applied chemical stimulations known to induce different forms of plasticity. On one hand, glycine-induced cLTP is a method to stimulate specifically NMDA receptors only at synapses receiving spontaneous release of glutamate; thus, it closely mimics stimulus-induced synaptic potentiation, leading to the fast redistribution of the F-actin network within dendritic spines ([@bib29]; [@bib19]). On the other hand, prolonged depolarization of excitatory neurons induced by elevated extracellular KCl is known to induce long-term homeostatic changes, e.g., by increasing firing threshold via the distal relocation of the axon initial segment ([@bib20]; [@bib13]). In our hands, KCl induced a prolonged but reversible depolarization block and, as another morphological indicator of homeostatic plasticity, led to spine expansion within 16 h. Although axon initial segment relocation and spine enlargement are structurally different events, they seem to be regulated by L-type voltage-gated Ca^2+^ channels. The NMDA receptor--dependent activation of PKD, as demonstrated in both cLTP- and KCl-treated cultures, further indicates that elevated intracellular Ca^2+^ levels lead to PKD activation.

Under normal conditions, PKD has a basal activity leading to a slight decrease in actin turnover within the dendritic spines as p-cofilin intensity was reduced, whereas actin incorporation was elevated upon the application of kbNB 142-70. In contrast, endogenous PKD activity is not a key regulator of basal actin turnover in spines, as its inactivation has only mild effects on spine morphology.

LTP induced by high-frequency electrical as well as by chemical stimulation leads to enlargement of spine heads and/or increased ratio of mushroom spines and results in higher synaptic efficacy ([@bib54]). Stimulus-evoked structural and functional plasticity of dendritic spines during LTP evolves in a dynamic temporal manner: rapid reorganization of the spine actin cytoskeleton is followed by the stabilization of newly remodeled F-actin and delayed PSD enlargement ([@bib6]). Depending on the type of stimulus and the detection method, the timescale of these events can differ ([@bib25]; [@bib44]; [@bib6]). Regardless of the chemical treatments used, PKD activation was evident during the early phase of spine rearrangements, when the actin pool was in a dynamic state as well as during later phases, paralleled by F-actin stabilization within the spines. Importantly, blocking of endogenous PKD functions efficiently prevented morphological enlargement of spines.

PKD regulates actin stabilization within dendritic spines {#s14}
---------------------------------------------------------

Expansion of dendritic spines during LTP requires the formation of a new stable population of actin at the core of the spine head, whereas increased F-actin polymerization continues below the plasma membrane to generate the force required for spine enlargement ([@bib5]). Actin-binding proteins regulating F-actin treadmilling or network superstructure also show regional distribution within dendritic spines ([@bib42]). For example, cofilin is located within the dynamic shell region, near the plasma membrane ([@bib41]). Intriguingly, immunogold detection of kdPKD-EGFP within hippocampal dendritic spines revealed a very similar localization of the mutant protein within the dynamic shell zone, in the close vicinity of the extrasynaptic plasma membrane. Thus, both regulatory players of the dynamic actin pool are located within the same subspine compartment.

As discussed in the previous section, chemically induced enlargement of dendritic spine heads goes through a transient, dynamic phase, when cofilin is activated and actin incorporation is elevated. Despite elevated PKD activity detected by increased autophosphorylation and by the PKD reporter, PKD inhibition did not detectably affect p-cofilin level in addition to that induced by the chemical stimulations themselves. Therefore, it is likely that PKD activity is counterbalanced by other pathways during this initial, dynamic phase that strongly shifts the cofilin cycle toward activation. Activation of NMDA receptors, for example, regulates the protein phosphatase 2B or calcineurin ([@bib40]), known to counterbalance phosphorylation of SSH1 ([@bib50]). Additionally, PKD inhibition may affect other substrates known to regulate actin remodeling, e.g., cortactin ([@bib11]), too. Cortactin is concentrated in dendritic spines of cultured hippocampal neurons and has been implicated in the activity-dependent regulation of spine morphogenesis as well ([@bib23]).

Inactivation of cofilin by Ser3 phosphorylation occurs during LTP and leads to an increase in F-actin levels as well as to the appearance of enlarged spine heads ([@bib17]; [@bib9]). During the consolidating phase of spine rearrangements, PKD activity was required for morphological rearrangements as well as for cofilin inactivation and actin stabilization. Although a kbNB 142-70--mediated decrease in PAK4 and SSH1 phosphorylation was detectable in the cultures only up to 8 h of depolarization, this could be the result of the insensitivity of Western blot to detect subcellular and tissue-specific phosphorylation events at later time points. Nevertheless, our data provide convincing evidence that PKD-mediated regulation of F-actin stabilization is needed especially during the consolidating, late phase of plasticity-induced spine enlargement.

PKD regulates synaptic plasticity and memory formation {#s15}
------------------------------------------------------

According to pre-HFS data, kdPKD-EGFP expression did not influence basal synaptic activity, which is concordant with the similar performance during the initial training days in spatial learning tests. Thus, compensatory mechanisms within the neuronal circuitry act in a homeostatic way to preserve baseline synaptic activity even when endogenous PKD activity is impaired ([@bib30]; [@bib46]). In contrast, HFS revealed important differences between control and kdPKD-EGFP--expressing mice. Although E/S potentiation ([@bib52]) was evident in control recordings, it was inhibited upon kdPKD-EGFP expression. As the increase in POPS amplitudes upon HFS was reduced in kdPKD-EGFP recordings, we conclude that postsynaptic inhibition of endogenous PKD functions is responsible for decreased LTP. This is in accordance with the localization of the mutant PKD protein within the dendritic spines and dendrites of CA1 neurons.

So far, PKD has been indicated in a special form of associative learning observed in *Caenorhabditis elegans*: DKF-2B, a neuron-specific PKD isoform of the worm, is essential for the starvation-induced avoidance of previously attractant salt taste ([@bib15]) and, recently, in cocaine-induced locomotor hyperactivity ([@bib51]). In our experiments, ablation of endogenous PKD activity within the hippocampus specifically inhibited spatial learning without affecting motor coordination, overall anxiety, or object recognition performance, which are regulated by hippocampus-independent circuits ([@bib1]). In the Morris water maze and the radial maze, which are widely used to test hippocampus-dependent spatial memory formation ([@bib47]), kdPKD-EGFP animals showed no improvement. Although reentry into the originally baited arms (representing working memory error) was similar in comparison with controls, kdPKD-EGFP animals frequently entered into never-baited arms, which is an additional sign of impaired spatial reference memory ([@bib47]). Importantly, cofilin-dependent actin dynamics are specifically required for associative learning, whereas short-term working memory and exploratory learning are cofilin independent ([@bib45]).

Morphological changes as well as plasticity within dendritic spines are dependent on several molecular factors. In neurons, PKD so far regulates intracellular transport, surface localization, and phosphorylation of transmembrane receptors ([@bib8]; [@bib3]; [@bib51]; [@bib39]), development and maintenance of dendritic arborization ([@bib26]; [@bib10]), production of growth factors ([@bib53]), and neurotrophin signaling ([@bib2]). Besides all of these possible effects, our work provides evidence that during activity-induced potentiation and enlargement of spines, PKD is a major regulator of F-actin stabilization, directly influencing learning and memory formation.

Materials and methods {#s16}
=====================

Animal handling {#s17}
---------------

CD1, CaMKIIα-rtTA2 ([@bib31]), or kdPKD1-EGFP ([@bib10]) transgenic mice were housed in the animal facility at 22 ± 1°C, with 12-h light/dark cycles and ad libitum access to food and water. All experiments complied with local guidelines and regulations for the use of experimental animals (PEI/001/1108-4/2013 and PEI/001/1109-4/2013 for the experiments performed in Budapest), in agreement with the European Union and Hungarian legislation, or were approved by the Regierungspräsidium Stuttgart. DOX was administered in wet food at 6-mg/g dose for up to 16 wk with ad libitum access.

Cell cultures, transfection, and chemical treatment {#s18}
---------------------------------------------------

Primary cultures of embryonic hippocampal cells were prepared from CD1 mice on embryonic day 17--18 according to [@bib10]. Cells were seeded onto poly-[l]{.smallcaps}-lysine--laminin (Sigma-Aldrich)-coated glass coverslips in 24-well plates at 1.5 × 10^5^ cells/well or onto poly-[l]{.smallcaps}-lysine--coated 6-well plates at 7 × 10^5^ or 96-well plates at 3 × 10^4^ cells/well density. Cells were transfected using Lipofectamine 2000 (Invitrogen) with the following constructs: PKDreporter-pEGFP-C1-L-pS294-L, PKDreporter-pEGFP-C1-L-pS294A-L ([@bib10]), pEGFP-N1 (Takara Bio Inc.), and pEGFP-N1-PKCµ^K612W^ ([@bib21]). Cultures were treated with 1 µM phorbol 12,13-dibutyrate (PDBu; Sigma-Aldrich), 1 µM nifedipine (Sigma-Aldrich), and 3 µM kbNB 142-70, 10 µM MK-801, 50 µM APV, or 1 µM ω-conotoxin MVIIC (all from Tocris Bioscience) for the indicated time. Depolarization was induced by adding 20 mM KCl to the culture medium, reaching 25 mM KCl in total. In control cultures, 20 mM NaCl was applied.

cLTP was performed at 37°C. Cells were incubated in ECS buffer (150 mM NaCl, 2 mM CaCl~2~, 5 mM KCl, 10 mM Hepes, 30 mM glucose, 0.5 µM tetrodotoxin, 20 µM bicuculline, and 1 µM strychnine, pH 7.4) for 5 min. 200 µM glycine was applied for 3 min in ECS buffer, and then medium was changed back to the original medium, in which cells survived for an additional 5, 30, or 120 min. Inhibitors (APV or kbNB 142-70) were present in the buffers throughout the experiment. Antagonists were all from Tocris Bioscience.

Whole cell patch clamp recordings {#s19}
---------------------------------

Electrophysiological recordings of hippocampal neurons were performed under an A1 AxioObserver microscope (Carl Zeiss). Spontaneous activity and evoked responses were recorded at room temperature (21--23°C) under whole cell conditions. Signals were amplified using a MultiClamp700B (Molecular Devices) and acquired at 20 kHz using the data acquisition software DASYLab version 11 (National Instruments). Patch pipettes were pulled from standard wall glass of 1.5 mm OD (Warner Instruments) and had input resistances of 7--10 MOhm. The composition of the bath solution (aCSF) was (mM) 125 NaCl, 3.5 KCl, 2 CaCl~2~, 1.2 MgCl~2~, 1.25 NaH~2~PO~4~, 25 NaHCO~3~, and 10 glucose, pH 7.4. For depolarizing treatment, an additional 20 mM KCl or NaCl was added. For recording action potentials and voltage-gated currents, patch electrodes were filled with the following solution (mM): 100 K-Gluconate, 10 KCl, 10 KOH, 10 Hepes, and 0.2 EGTA, pH 7.3. To record voltage responses of the neurons, stepwise current commands of 350-ms duration were used, starting at −200 pA and incremented by 5 pA. Analysis of the evoked responses was performed by software developed by A. Szűcs (IVAnalyzer). Multiple physiological parameters, including the resting membrane potential, rheobase, input resistance at rest, spike amplitude, and half-width, among others, were determined for each cell.

Immunostaining and microscopy in fixed cultures {#s20}
-----------------------------------------------

Cultures were fixed with 4% paraformaldehyde and immunostained essentially as described by [@bib10]. Primary antibodies were a-pS294 (anti-PI4KIIIB-pS294, mouse, 1:1,000; Sigma-Aldrich), a--p-cofilin (pSer3, rabbit, 1:1,000; Cell Signaling Technology), and anti-PSD95 (mouse, 1:500; Thermo Fisher Scientific). Appropriate Alexa Fluor--labeled secondary antibodies (Invitrogen) were applied in 1:500 dilution. Images were taken with an LSM 710 (Carl Zeiss) or with a FluoView 500 LSM IX81 (Olympus) microscope with Plan Apochromat 63×/1.4 or Plan Apochromat 60×/1.1 immersion objectives, respectively, using 0.8--airy unit aperture. a-pS294/EGFP ratio images within dendritic spines were calculated using the Ratio Plus plugin of ImageJ (National Institutes of Health) by summarizing the intensity of three adjacent Z-stacks within the manually drawn regions of interest (ROIs), followed by subtracting background fluorescent intensity. a-pS294/EGFP ratio along the dendritic spines was determined along a 10-pixel-wide line drawn from the head to the shaft regions. For p-cofilin staining, single PSD95-positive spine heads were delineated manually in the appropriate Z-stack, and mean p-cofilin intensity was determined within these ROIs by ImageJ and normalized to the PSD area. In all parallel experiments, images were recorded with the same microscopic settings with 0.7--airy unit aperture. All experiments were repeated at least three times using independent cultures. Measurements and morphological characterization of dendritic protrusions were performed manually, using ImageJ according to the following criteria: stubby and filamentous spines possessed an HN index below 1.2, while they were either shorter or longer than 0.8 µm, respectively; mushroom spines had an HN index above 1.2, with a length exceeding 0.8 µm.

Actin barbed end assay {#s21}
----------------------

Actin barbed end assay was performed in barbed end buffer (138 mM KCl, 20 mM Hepes, 3 mM EGTA, 4 mM MgCl~2~, and 1% BSA, pH 7.5) at 37°C. After a brief wash, cultures were treated with 0.45 µM rhodamine-conjugated nonmuscle G-actin (Cytoskeleton) for 2 min in barbed end buffer containing 0.2 mg/ml saponin, 1 mM ATP, and 0.5 mM DTT at 37°C. Cultures were fixed in 4% PFA in PHEM buffer (60 mM Pipes, 25 mM Hepes, 10 mM EGTA, 2 mM MgCl~2~, and 0.12 M sucrose, pH 7.0) and stained for PSD95 (see previous section). Images were taken with a FluoView 500 IX81 microscope using a Plan Apochromat 60×/1.1 immersion objective with identical microscopic settings with 0.8--airy unit aperture. Mean rhodamine-actin intensity values were determined within ROIs manually drawn over PSD95-positive dendritic spines and normalized to the PSD area.

Western blot {#s22}
------------

Whole cell extracts from hippocampal neuronal cultures were obtained by harvesting in lysis buffer as described in [@bib10]. Equal protein amounts of the corresponding samples were subjected to SDS-PAGE (NuPAGE Novex Bis-Tris Gel; 4--12%; Invitrogen) and blotted onto nitrocellulose membrane (Life Sciences). After blocking with 0.5% blocking reagent (Roche) in PBS--0.05% Tween, membranes were probed with specific antibodies as follows: anti--phospho-PKD (a-pS910 rabbit, 1:2,000; [@bib21]), anti-PKD1 (C20 rabbit, 1:2,000; Santa Cruz Biotechnology, Inc.), anti--p-cofilin (pSer3 rabbit, rabbit, 1:1,000; Cell Signaling Technology), anti-cofilin (rabbit, 1:1,000; Cell Signaling Technology), anti-phospho--Slingshot-1L (pSer978 rabbit, 1:1,000; ECM Biosciences), anti--Slingshot-1L (rabbit, 1:1,000; Abcam), anti--phospho-PAK4/5/6 (pSer474/602/560 rabbit, 1:2,000; Cell Signaling Technology), anti-PAK4 (rabbit, 1:1,000; Cell Signaling Technology), and anti-GAPDH (rabbit, 1:6,000; Sigma-Aldrich).

Signals were visualized with horseradish peroxidase--coupled secondary antibodies (1:10,000; Dianova) using ECL or the SuperSignal West Dura Luminol enhancer substrate. Membranes were stripped in 62.5 mM Tris, pH 6.8, 2% SDS, and 14.3 mM β-mercaptoethanol for 30 min at 50°C and then reprobed with the indicated antibodies. Mean intensity values were calculated from 2--13 independent cultures using ImageQuant TL software (GE Healthcare) as phospho-specific/total protein/GAPDH ratios. Relative inhibition of phosphorylation by kbNB 142-70 was determined by comparing mean intensity values between kbNB-treated and nontreated samples from the same time point. Normalized values from 3--14 independent cultures were averaged.

Cell viability and neuronal survival assays {#s23}
-------------------------------------------

Viability of the cultures treated with an excess of 20 mM KCl or NaCl was measured by the MTT assay. Cells grown in 96-well plates were treated with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich) in a final concentration of 250 µg/ml for 40 min and then dissolved in acidic (0.08 M HCl) isopropanol (Merck). OD was determined at 570 nm with an ELISA reader (Bio-Rad Laboratories). Mean viability values were normalized to data obtained from nontreated cells. Neuronal survival was determined by calculating the percentage of neurons with distorted phase-contrast picture and pyknotic nuclei revealed by DAPI staining. At least 30 fields of view were analyzed from three independent cultures.

EM {#s24}
--

Experiments were performed in 5--6-mo-old control and kdPKD-EGFP--expressing animals, which were fed for 10--12 wk with DOX. Aldehyde-fixed brain sections from perfused animals were processed by standard immunoperoxidase EM protocol (for details see [@bib41]) using a polyclonal rabbit anti-GFP antibody (1:1,000; Invitrogen). Plastic-embedded ultrathin sections were examined in a T1011 electron microscope (JEOL) at 80 KV; images were collected with a MegaView (Soft Imaging System) 12-bit 1024 × 1024 charge-coupled device camera.

Electron micrographs of randomly selected fields containing immunolabeled pyramidal neurons were taken from the middle 1/3 region of CA1 stratum radiatum or CA3 stratum lucidum. Spine profiles were selected for quantitative analysis only when they contained a clear PSD and were opposed to presynaptic boutons containing synaptic vesicles. Synaptic profile areas, perimeters, and profile circularity (4π × area/perimeter^2^) were measured by ImageJ.

Behavioral tests {#s25}
----------------

16 control (single transgene) and 16 double transgenic male littermates were used from kdPKD-EGFP^+/+^ × CamKIIα rtTA2^+/−^ breedings. DOX treatment was started from the 7th to 10th weeks of age and lasted for 16 wk altogether. Novel object recognition was performed before the onset and during the 12th week of treatment. Mice were habituated to the arena for 5 min. The next day, animals explored two identical objects for 5 min (A1 and A2) and then 5 h later one familiar (A1) and a novel (B) object again for 5 min. Object exploration time was defined as the time spent sniffing at the objects. The DI was calculated as (B exploration time − A1 exploration time)/(B exploration time + A1 exploration time). The open field test was executed in the fifth week of DOX treatment. Mice were placed in the middle of a 48 × 48 × 40-cm open arena (Experimetria Ltd.) and were allowed to move freely for 5 min. Their behavior and trajectories were monitored and analyzed by the Conducta Advanced System 1.0. Morris water maze tests were performed during the 9th and 10th weeks of DOX. A round, 105-cm diameter tank was filled with 25 cm of water (22 ± 1°C). On day 0, a visible platform was placed into the pool with visual cues on the walls. Mice were allowed to swim for a maximum 60 s. If they failed to reach the platform, they were placed on it for 20 s. From day 1, the escape platform (8-cm diameter) was submerged 1 cm below the surface of the water. Mice were trained for 10 consecutive days, with four trials per day. On the 5th and 10th day, the platform was removed, and the time and distance spent searching around a 24-cm diameter area over the original platform was calculated. The radial arm maze test was performed during the 15th to 16th week of DOX treatment, essentially as described by [@bib18]. Mice were habituated to the radial maze for four consecutive days, and then four baits were positioned into every second arm. During the task, mice were positioned at the center, and the time and trajectories needed for finding all baits were recorded.

Electrophysiological recording of hippocampal synaptic transmission {#s26}
-------------------------------------------------------------------

Experiments were performed essentially as described in [@bib4]. In short, mice were decapitated under ether anesthesia, and 400-µm-thick horizontal hippocampal slices were cut. Slices were stored at room temperature for 1 h in carbogenated (95% O~2~ and 5% CO~2~) standard artificial cerebrospinal fluid and then transferred into a Haas-type recording chamber with continuous artificial cerebrospinal fluid perfusion and carbogene saturation at 33 ± 1°C.

Glass microelectrodes filled with 1 M NaCl were positioned as recording electrodes in the stratum pyramidale of the hippocampal CA1 region, whereas bipolar tungsten-stimulating electrodes were positioned either at the MF tract to evoke disynaptic POPSs or at the SCs to evoke monosynaptic responses. Amplified and conditioned signal was digitized for subsequent off-line analysis.

The viability of slices was tested before each experiment. If POPS amplitude at maximum stimulus intensity was smaller than 3 mV, the slice was excluded from the experiments. Slices were tetanized with the intensity that elicited 70% of maximal POPS amplitude. At the beginning of the data recording session, 0.1-Hz continuous stimulation was applied for 10 min (test stimulation), and then HFS trains (2× 6-s 100-Hz stimulus train, 10-s interval) were applied for LTP induction. Subsequently, 0.1-Hz continuous test stimulation was used to detect the changes in excitability during 30 min. Averaged responses evoked at medium stimulation intensity were calculated as a mean of amplitude of six POPSs before and during the 30 min after LTP induction.

Statistical analyzes of the data {#s27}
--------------------------------

For statistical evaluation, Student's *t* test, Tukey's post-hoc, or nonparametric Mann--Whitney tests were used. Excel (Microsoft), Kaleidagraph (Synergy Software), or SPSS Statistics (IBM) was used to compute statistics. Data are displayed as mean ± SEM, unless otherwise indicated.

Online supplemental material {#s28}
----------------------------

Fig. S1 shows depolarization-induced changes in PKD activity reporter phosphorylation, neuronal viability, and electrophysiological properties. Fig. S2 shows concentration-dependent effects of PKD inhibitors on the phosphorylation of PKD activity reporter and their toxicity and the relative inhibition of PKD-mediated phosphorylation of downstream targets by kbNB 142-70. Fig. S3 provides additional behavioral data from the open field, Morris water maze, and radial maze tests. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201501114/DC1>.
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